The antioxidant and radical scavenging properties of 8-oxo derivatives of pentoxifylline, lisofylline, enprofylline (3-propyl xanthine), and 1,7-dimethyl enprofylline were studied in vitro. The results show that 8-oxopentoxifylline and 8-oxolisofylline are significantly better hydroxyl and peroxyl radical scavengers and more potent inhibitors of t-butylhydroperoxideinduced lipid peroxidation in human erythrocyte membranes than the parent drugs. The hydroxyl radical scavenging property of 8-oxoenprofylline and its analogue 1,7-dimethyl-8-oxoenprofylline is marginally better than their corresponding xanthines. Interestingly, 1,7-dimethyl-8-oxoenprofylline is an effective inhibitor of lipid peroxidation whereas enprofylline, 1,7-dimethylenprofylline, and 8-oxoenprofylline exhibit significantly less activity. All the 8-oxo derivatives tested are better hydroxyl radical scavengers than uric acid, a natural antioxidant and a free radical scavenger in humans. The rate constant for the reaction between 8-oxopentoxifylline and hydroxyl radical is 1.6 -4.2 ؋ 10 10 M ؊1 s ؊1 which is comparable to that of dimethyl sulfoxide (1.4 -1.6 ؋ 10 10 M ؊1 s ؊1 ) and better than that of mannitol (1.9 -2.5 ؋ 10 9 M ؊1 s ؊1 ), the known hydroxyl radical scavengers. Both 8-oxo pentoxifylline (IC 50 , 1.8 ؎ 0.08 M) and 8-oxolisofylline (IC 50 , 2.2 ؎ 0.13 M) are as efficient peroxyl radical scavengers as uric acid (IC 50 , 1.9 ؎ 0.05 M). The results presented clearly indicate that the anti-inflammatory property of pentoxifylline and lisofylline is exerted more through their 8-oxo derivatives than through the parent drugs.
Caffeine analogues such as pentoxifylline [I, 1-(5Ј-oxohexyl)-3,7-dimethylxanthine] and lisofylline [II, 1-(5Ј-hydroxyhexyl)-3,7-dimethylxanthine] are used as drugs (1) (2) (3) . Recent studies carried out using numerous purine analogues led to the selection of enprofylline (3-propylxanthine, III) as a drug with bronchodilator property (4) . Pentoxifylline (I) is widely used in the treatment of cerebrovascular and peripheral vascular diseases (1) (2) (3) . Both pentoxifylline (I) and lisofylline (II) are known to possess anti-inflammatory properties (5) which are probably related to their ability to suppress oxygen radical production or scavenge reactive oxygen species (6) . Ability of I to scavenge hydroxyl radicals has been demonstrated earlier (7) . Although substituted xanthines such as I and II are used as drugs, the corresponding 8-oxo derivatives have never been prepared and tested for their antioxidative potential and ability to scavenge reactive oxygen species. The nonavailability of the 8-oxo derivatives of these drugs has prevented their biological evaluation. It is quite possible that these drugs could become biotransformed to their corresponding 8-oxo derivatives in vivo which may be partly responsible for their biological activity. Caffeine, theophylline, and theobromine are known to become metabolized to their corresponding 8-oxo derivatives in the mammalian system (8, 9) . These metabolites (methyluric acids) are known to inhibit lipid peroxidation in human erythrocyte membranes in vitro and function as free radical scavengers (10, 11) suggesting their antioxidant effects in vivo. In fact, Caffeine, theophylline and theobromine exhibit significantly less antioxidant and radical scavenging activity than the corresponding molecules without the 8-oxo group indicating that the 8-oxo-group of uric acid is an important functional moiety responsible for their high antioxidant and radical scavenging properties (12, 13) .
In the present investigation, we have prepared for the first time 8-oxopentoxifylline [V, 1-(5Ј-oxohexyl)-3,7-dimethyluric acid], racemic 8-oxolisofylline [VI, 1-(5Ј-hydroxyhexyl)-3,7-dimethyluric acid] and 8-oxoenprofylline (VII, 3-propyluric acid) following a novel microbial method (14, 15) . To increase the lipophilicity of enprofylline (III), we have substituted N-1 and N-7 hydrogens with methyl groups and the resulting compound viz. 1,7-dimethyl-3-propylxanthine (1,7-dimethylenprofylline, IV) was also microbially converted to 1,7-dimethyl-3-propyluric acid (VIII, 8-oxo derivative of IV). All the 8-oxo compounds prepared (V-VIII, Fig. 1 ) were tested for their ability to scavenge hydroxyl and peroxyl radicals. These 8-oxo compounds were also tested for their protective potential against lipid peroxidation. These properties are compared with those observed from the corresponding xanthines (I-IV, Fig. 1 ). The present study provides additional information to understand the mechanism of action of some of these drugs. 
MATERIALS AND METHODS:
Chemicals. Uric acid, 2-thiobarbituric acid and 2-deoxyribose were obtained from Sigma, U.S.A. Enprofylline (3-propylxanthine) was a generous gift from Dr. Hans Jurgen Fedrsel, Astra Production Chemicals AB, Sweden. Pentoxifylline was prepared using theobromine and alkyl halide as reported earlier (16) . 3-Propyl-1,7-dimethylxanthine was prepared following the published procedure (17) .
Preparation of 8-oxopentoxifylline, 8-oxoenprofylline and 3-propyl-1,7-dimethyluric acid.
A bacterial consortium consisting of strains belonging to the genera Klebsiella and Rhodococcus quantitatively converts pentoxifylline, enprofylline (3-propylxanthine) and 3-propyl-1,7-dimethylxanthine to their respective 8-oxo derivatives (Fig.  1, substituted uric acids) . The details of this microbial process have already been reported (14, 15) . The 8-oxo derivatives prepared were characterized by comparing their spectral data to those reported earlier (15) . [1-(5Ј-hydroxyhexyl 
Preparation of 8-oxolisofylline
Measuring hydroxyl radical scavenging. Hydroxyl radicals were generated by a mixture of ascorbic acid, H 2 O 2 and Fe 2ϩ -EDTA and estimated using the 2-deoxyribose method (18) . Each assay contained 2-deoxyribose (2.8 mM), ferrous iron solution (20 M), EDTA (100 M) and one of the test compounds (500 M) in a total volume of 1.2 ml of phosphate buffer (10 mM, pH 7.4). The ferrous iron solution and EDTA were premixed before they were added to the assay mixture. The reaction was initiated by the addition of a mixture of H 2 O 2 (1.42 mM) and ascorbate (100 M), and incubated at 37°C for 30 min. Then 1 ml of thiobarbituric acid (1%, w/v) in NaOH (50 mM) and 1 ml of TCA (2.8%, w/v) were added, boiled for 20 min, cooled and the absorbance was measured at 532 nm. The results are expressed as percentage inhibition by test compounds. The assay was repeated at different concentrations (10 -500 M) of test compounds (V-VIII, and uric acid). Reciprocal absorption values obtained for different concentrations were plotted against the concentrations of the test compounds and from the graph the second order rate constants for the reaction of test compounds with hydroxyl radical were calculated assuming that deoxyribose reacts with hydroxyl radical with a rate constant of 3.1 ϫ 10 9 M Ϫ1 s Ϫ1 (18) . In a similar way the rate constants for established scavengers of hydroxyl radical such as mannitol and dimethyl sulfoxide were determined.
Measuring peroxyl radical scavenging. Peroxyl radical scavenging activity of test compounds was measured by competition kinetics of crocin bleaching in the presence of peroxyl radicals generated by thermal decomposition of a azo compound as reported earlier (19, 20) .
Lipid peroxidation in human erythrocyte membranes. Effect of test compounds on t-butylhydroperoxide-induced lipid peroxidation in human erythrocyte membranes was assayed as reported earlier (10, 21) . Washed erythrocyte membranes were prepared and processed as reported earlier (21) . The peroxidation of lipids in erythrocyte membranes was carried out in 1.0 ml total volume containing 2.0 mg protein, with or without the test compounds. The reaction was started by the addition of t-butylhydroperoxide (1 mM) and incubated at 37°C for 15 min. The extent of peroxidation was assayed by measuring thiobarbituric acid-reactive substances (TBARS) in membranes as described earlier (22) . The results are expressed as percentage inhibition which represents the degree of protection by the test compounds against lipid peroxidation in erythrocyte membranes.
Protein was estimated by the method of Lowry et al. (23) .
RESULTS AND DISCUSSION
Reactive oxygen species produced by activated polymorphonuclear leukocytes appear to be responsible for tissue damage in a number of inflammatory conditions (24) . Earlier studies have indicated that xanthine drug, pentoxifylline (I) reduces oxygen radical production and protects against tissue damage in vivo by the action of its metabolites (25) . In fact, both pentoxifylline (I) and lisofylline (II) are known for their antiinflammatory properties (5, 6) . It is also known that I inhibits hydroxyl radical-mediated degradation of deoxyribose (7) .
In the present study we have prepared 8-oxopentoxifylline (V), 8-oxolisofylline (VI), 8-oxoenprofylline (VII) and 1,7-dimethyl-8-oxoenprofylline (VIII). All the 8-oxo compounds prepared are water soluble and stable in the aqueous medium. The present study demonstrates for the first time that V and VI are significantly better hydroxyl radical scavengers than the parent drugs (I and II, Table 1 ), whereas VII and VIII show marginally better activity than the corresponding xanthines (III and IV, Table 1 ). It has been noticed that 8-oxopentoxifylline (V) is a much better scavenger of hydroxyl radicals than 8-oxolisofylline (VI) at all concentrations tested (Fig. 2) . This could be possibly due to the fact that racemic 8-oxolisofylline (VI) was used in this study. It is known that R-isomer of lisofylline is biologically more active than its optical antipode (26) . All the 8-oxo compounds tested (V-VIII) inhibit the degradation of deoxyribose in a dose dependent manner and compounds V and VI are very efficient at lower concentrations (10 -50 M, Fig. 2 ). It is interesting to note that 8-oxo compounds (V-VIII) exhibit better activity than the physiological antioxidant, uric acid (21) at all the concentrations tested (Fig. 2) . In fact, 500 M concentration of uric acid scavenged hydroxyl radicals to an extent comparable to 50 M concentration of 8-oxopentoxifylline (V, Fig. 2) indicating that V is a more potent scavenger of hydroxyl radicals than uric acid. It has been reported earlier that uric acid and related analogues function as efficient antioxidant and free radical scavengers (12, 21, 27, 28) and protect erythrocyte membranes from lipid peroxidation (10, 11, 28) .
It was observed that 8-oxopentoxifylline (V) show high hydroxyl radical scavenging property (Ks, 1.6 -4.2 ϫ 10 10 M Ϫ1 s Ϫ1 ) with an effectiveness comparable to that of dimethyl sulfoxide (Ks, 1.4 -1.6 ϫ 10 10 M Ϫ 1 s Ϫ1 ) and better than mannitol (Ks, 1.9 -2.5 ϫ 10 9 M Ϫ1 s Ϫ1 ). The rate constants obtained for dimethyl sulfoxide and mannitol compared well with the reported values (18) . The second order rate constant (Ks) reported earlier (7) for pentoxifylline (I) with hydroxyl radicals indicates that V is a more effective hydroxyl radical scavenger than is I. Similar observation was also made earlier with allopurinol and oxypurinol (29) . Oxypurinol, a major metabolite of allopurinol is a better hydroxyl radical scavenger than is allopurinol (29) .
Earlier studies have shown that 1,3-dimethyluric acid and 1,3,7-trimethyluric acid have high potency in prevention of hydrogen peroxide induced lipid peroxidation in human erythrocyte membranes in vitro (10) . In fact, V and VI are analogues of 1,3,7-trimethyluric acid where N-1 position is substituted with 5-oxohexyl/5-hydroxyhexyl group. The present study has shown that compounds V, VI, and VIII significantly suppress t-butylhydroperoxide-induced lipid peroxidation in human erythrocyte membranes, whereas compounds I, III and VII show markedly less activity ( Table 2 ). The antioxidative effect of compounds V, VI, and VIII is evidenced by their ability to scavenge hydroxyl radicals very efficiently ( Table 1 ). The ability of uric acid to inhibit lipid peroxidation in erythrocyte membranes is known (10) . However, it is interesting to note that when N-3 hydrogen in uric acid is substituted by a propyl group as in 3-propyluric acid (8-oxoenpropylline, VII), the compound very poorly protected erythrocyte membranes from lipid peroxidation ( Table 2) . Surprisingly, 3-propyl-1,7-dimethyluric acid (VIII) shows very good activity as the inhibitor of lipid peroxidation ( Table 2 ). The inhibitory effects of different concentrations of VIII on lipid peroxidation by a fixed dose of t-butylhydroperoxide are shown to be dose dependent (Fig. 3) . It is interesting to note that VII and VIII which differ in methyl substitution at N-1 and N-7 positions, exhibit significant difference in potency in preventing lipid peroxidation in erythrocyte membranes in vitro (Table 2 ). This appears to be contrary to what has been suggested earlier that a methyl group at the N-7 position in a xanthine molecule would adversely affect the antioxidant activity (30) . It is quite possible that the structural variations could change the lipophilicity and inhibition of lipid peroxidation seems to be related to the lipophilicity of the compounds tested.
Earlier studies have demonstrated that uric acid has the ability to scavenge peroxyl radicals (31) . Peroxyl radicals are highly reactive and can give rise to hydroperoxides and lead to lipid peroxidation (32) . In the present study we have analyzed the peroxyl radical scavenging ability of 8-oxopentoxifylline (V) and 8-oxolisofylline (VI) by competition kinetics of crocin bleaching. It was observed that V and VI are good peroxyl radical scavengers with an IC 50 values of 1.8 Ϯ 0.08 and 2.2 Ϯ 0.13 M, respectively (Table 3 ). It appears that both V and VI are as efficient peroxyl radical scavengers as uric acid (IC 50 , 1.9 Ϯ 0.05 M) at all concentrations tested (Fig. 4) . However, pentoxifylline (I), lisofylline (II) and xanthine failed to scavenge peroxyl radical indicating the importance of 8-oxo group in urates for their antioxidant and radical scavenging properties.
Earlier studies have established that the 8-oxo group of urates is an important functional moiety responsible for high hydroxyl radical scavenging and antioxidant properties (12, 13) . It is quite possible that pentoxifylline (I) and lisofylline (II) could become converted to their corresponding 8-oxo derivatives in vivo as one of their metabolites. This is supported by the fact that caffeine, theophylline and theobromine become metabolized in the mammalian system to their corresponding 8-oxo derivatives (8, 9) and these metabolites are known to inhibit lipid peroxidation in human erythrocyte membranes in vitro (10, 11) . The observation made in the present investigation that 8-oxopentoxifylline (V) and 8-oxolisofylline (VI) are much better hydroxyl and peroxyl radical scavengers and more potent inhibitors of lipid peroxidation than the parent drugs (I and II) suggests the possibility that the beneficial effects of pentoxifylline (I) and lisofylline (II), particularly their anti-inflammatory and antioxidant properties are exerted more through their 8-oxo derivatives rather than the parent compounds. 
